The Fas-Fas ligand (FasL) pathway of apoptosis is abnormally activated in diseases associated with impaired immune tolerance or chronic inflammation. Pregnancy-related hypertension is a spectrum of disease that commonly causes significant morbidity in women and in their newborn infants, is associated with generalized inflammation, and may be causally related to impaired maternal-fetal tolerance. Our recent observation of enhanced trophoblast expression of FasL in one form of pregnancy-related hypertension led us to hypothesize that this group of disorders might be associated with abnormal activation of the Fas-FasL pathway. To test this hypothesis, we prospectively quantified soluble and leukocyte-associated Fas receptor and FasL in the maternal and umbilical cord blood (CB) sera of 20 gestations complicated by preeclampsia and of 18 normal control gestations, using ELISA and flow cytometric analyses. We determined higher soluble FasL levels in paired maternal and CB sera of hypertensive gestations compared with control gestations (p Ͻ 0.01); in contrast, soluble Fas levels were similar between groups. Surface expression of FasL was lower on maternal (p Ͻ 0.01) and CB (p Ͻ 0.05) neutrophils from affected gestations, whereas surface Fas expression was lower on maternal (p Ͻ 0.02), but not CB, neutrophils and lymphocytes. We conclude that expression of Fas and FasL in sera and on leukocytes is altered in gestations complicated by preeclampsia, and speculate that activation of the Fas-FasL pathway mediates associated pathologic processes in affected women and in their neonates. Activation of the Fas-Fas Ligand pathway involves cellular interactions between the Fas receptor and FasL, and can result in apoptosis or in an inflammatory response (1). The Fas receptor (CD95, Apo-1, FasR), a type I integral membrane protein belonging to the tumor necrosis factor receptor family, is expressed on numerous cell types including hematopoietic cells, and its expression increases during inflammation (1). In contrast, expression of FasL (CD95L), a type II transmembrane molecule belonging to the tumor necrosis factor receptor superfamily, is limited to certain leukocytes and tissues with immune privilege (2). Fas-FasL interactions leading to clonal deletion of antigen-presenting cells have been implicated in the establishment of graft tolerance (3), and provide one explanation for the immune privilege status of certain tissues, including the placenta, cornea, and testis (2). In contrast, abnormal function of the Fas-FasL pathway is involved in the pathogenesis of a variety of disorders, including cytopenias, autoimmune diseases, graft-versus-host disease, and graft rejection (1, (3) (4) (5) (6) .
Activation of the Fas-Fas Ligand pathway involves cellular interactions between the Fas receptor and FasL, and can result in apoptosis or in an inflammatory response (1) . The Fas receptor (CD95, Apo-1, FasR), a type I integral membrane protein belonging to the tumor necrosis factor receptor family, is expressed on numerous cell types including hematopoietic cells, and its expression increases during inflammation (1) . In contrast, expression of FasL (CD95L), a type II transmembrane molecule belonging to the tumor necrosis factor receptor superfamily, is limited to certain leukocytes and tissues with immune privilege (2) . Fas-FasL interactions leading to clonal deletion of antigen-presenting cells have been implicated in the establishment of graft tolerance (3) , and provide one explanation for the immune privilege status of certain tissues, including the placenta, cornea, and testis (2) . In contrast, abnormal function of the Fas-FasL pathway is involved in the pathogenesis of a variety of disorders, including cytopenias, autoimmune diseases, graft-versus-host disease, and graft rejection (1, (3) (4) (5) (6) .
Mice with the gld mutation are deficient in FasL function and have smaller litters with decreased viability (7) . Studies in these mice suggest that the Fas-FasL pathway contributes to preservation of the fetal allograft by preventing the trafficking of activated leukocytes between the mother and fetus during normal gestation, observations also supported by findings in humans (8 -10) . These studies suggest that interactions between FasL-positive placental trophoblasts and activated maternal lymphocytes that express Fas contribute to the induction of tolerance through a clonal deletion mechanism (8 -11) . Conversely, alternative mechanisms may be contributory to establishing maternal-fetal tolerance during pregnancy, as gld mice can reproduce (7) , and clonotypic maternal T cells that remain after clonal deletion are unresponsive to fetal antigen challenge (9) . In addition, trophoblasts themselves possess certain properties that could promote tolerance. These include a lack of MHC antigen expression (12) , the presence of immunosuppressive substances such as transforming growth factor-␤ (13) , and the expression of CD59, an inhibitor of the complement cascade (14) .
Pregnancy-related hypertension encompasses a spectrum of disease that affects up to 10% of pregnancies and causes significant morbidity in women (15) and in their newborn infants (16, 17) . Although numerous mechanisms have been proposed to explain the pathogenesis of pregnancy-related hypertension (18 -21) , its origin remains obscure. However, increasing evidence supports an immune-mediated pathogenesis for this disorder (22) . Establishment of normal maternalfetal tolerance appears to involve components of the Fas-FasL pathway (7) (8) (9) , which also may mediate rejection of transplanted tissues (2, 3) . Thus, it is reasonable to speculate that aberrant function of the Fas-FasL pathway might also be involved in a maternal rejection of the fetal allograft. The contribution of this pathway to the pathogenesis of pregnancyrelated hypertension is further suggested by associated maternal and neonatal complications, including hepatic inflammation, endothelial injury, neutrophil activation, and neutropenia (17, 18, 20, 23) , which can be mediated by the Fas-FasL pathway (1, 5, 6) . In addition, we have recently reported enhanced expression of FasL on placental trophoblasts in PIH (24) .
We hypothesized that abnormal activation of the Fas-FasL pathway in pregnancy-related hypertension would result in increased amounts of the soluble forms of the Fas receptor or of FasL, as has been observed in other disease states linked with this pathway (4, 6, 25, 26) . We further hypothesized that surface expression of Fas or FasL might also be elevated in maternal or CB leukocytes in this disorder, because inflammation has been associated with up-regulated expression of these proteins (27) . To test these hypotheses, we measured Fas and FasL in the sera and on the surfaces of leukocytes of maternal blood and umbilical CB samples from pregnancies complicated by one form of pregnancy-related hypertension, preeclampsia, and in healthy normotensive control pregnancies, using ELISA and flow cytometric analysis.
METHODS
Study subjects. The study population was made up of pregnant women with singleton gestations, after their admission to the Labor and Delivery unit at Shands Hospital-University of Florida. Subjects were enrolled consecutively from the period of August 9, 1999, through March 2, 2000. Peripheral venous blood samples were obtained from maternal subjects and from the umbilical cord of placentas immediately after delivery. The study was approved by the University of Florida Institutional Review Board for Human Studies, and informed consent was obtained from each subject.
The diagnosis and severity of one form of pregnancy-related hypertension, preeclampsia, was made by the attending obstetrician in pregnant women according to guidelines established by the American College of Obstetricians and Gynecologists (28). Preeclampsia was diagnosed if after several recordings systolic blood pressure was Ͼ140 mm Hg or a diastolic blood pressure was Ͼ90 mm Hg, with an onset after 20 wk of gestation, in the presence of proteinuria (Ն0.3 g protein in a 24-h specimen, or Ն30 mg/dL in a random urine determination). Preeclampsia was considered to be severe if hypertension was associated with one or more of the following clinical manifestations: blood pressure Ͼ160 -180 mm Hg systolic or Ͼ110 mm Hg diastolic; renal abnormalities (proteinuria Ͼ5 g/24 h, elevated serum creatinine, oliguria Ͻ500 mL/24 h); hematologic abnormalities (thrombocytopenia, microangiopathic hemolysis); hepatocellular dysfunction (elevated liver enzymes, right-upper quadrant pain); neurologic symptoms (headache, visual disturbances, seizures); pulmonary edema; or fetal abnormalities (intrauterine growth restriction, oligohydramnios). Exclusionary criteria included proven maternal or fetal infection, autoimmune disorders, and epilepsy. Control subjects comprised normotensive women with healthy pregnancies.
Determination of sFas and sFasL in maternal and CB sera. Serum obtained from paired maternal and CB samples was separated into 0.5-mL aliquots and stored at Ϫ70°C until analysis. Duplicate samples were analyzed for their concentration of sFas or sFasL by ELISA (MBL, Nagoya, Japan), according to the manufacturer's instructions. Lower limits of detection were 31 pg/mL for sFas and 78 pg/mL for sFasL.
Detection of surface Fas and FasL on maternal and CB leukocytes. After erythrocyte lysis of whole blood samples, cells were suspended in buffer (RPMI 1640, 2% FCS, 0.05% sodium azide) and stained for surface expression of Fas and FasL, as previously described (29) . Briefly, to determine surface Fas expression, cell suspensions were stained with anti-CD95 MAb (IgG1, clone DX2, BD PharMingen, San Diego, CA, U.S.A.) conjugated to FITC, or a FITC-conjugated isotype control IgG antibody (Becton Dickinson, Mountainview, CA, U.S.A.). Cells were fixed with 2% paraformaldehyde (Sigma Chemical Co., St. Louis, MO, U.S.A.), then analyzed within 24 h of processing using a FACScan flow cytometer (Becton Dickinson). Neutrophil and lymphocyte populations were gated by using specific forward-and side-scatter characteristics, and results expressed as the mean fluorescence intensity of 10,000 -20,000 gated events.
For detection of surface FasL, cells were first suspended in media (RPMI 1640) containing 2% FCS, 1 mg/mL BSA (both, Sigma Chemical Co.), and 250 g/mL human immunoglobulin (Gammimune, Bayer Corporation, Elkhart, IN, U.S.A.) to block nonspecific binding. Cell suspensions were then stained with the primary MAb (rabbit anti-human CD95L, clone C20, or an isotype control IgG antibody, Santa Cruz Biochemicals, Santa Cruz, CA, U.S.A.), followed by staining with FITClabeled goat-anti-rabbit antibody [F(ab)' 2 fragments; Jackson Immunoresearch, West Grove, PA, U.S.A.]. Fixed cells were analyzed as described above.
Statistical analysis. Data are presented as the mean Ϯ SD unless otherwise indicated. Data comparisons were analyzed by one-way ANOVA (or the Kruskal-Wallis ANOVA on Ranks), the Mann-Whitney test, or by 2 analysis as appropriate (30); regression analyses were performed using the Spearman rank order correlation (30) . All data were analyzed using the PC program SigmaStat for Windows, Version 2.03 (SPSS, Inc., San Rafael, CA, U.S.A.); a p value Ͻ 0.05 was considered to indicate statistical significance.
RESULTS

Patient demographics.
The maternal study population consisted of 20 women with preeclampsia and 18 healthy controls (Table 1) . Maternal ages and the racial distribution of study subjects were similar between study groups, as was the proportion of primiparous women. Twelve women met diagnostic criteria for severe preeclampsia. Two of these women had chronic hypertension with superimposed preeclampsia. The duration of ruptured membranes and length of labor did not differ between groups as a whole. However, labor was shorter in women having severe preeclampsia (5 Ϯ 8 h, p Ͻ 0.05 versus controls, mild preeclampsia), reflecting the need for emergent delivery because of worsening disease. Six of these women were delivered of their infants in the absence of labor, with intact membranes. More CS were performed for preeclampsia compared with controls, although this difference did not reach significance (p ϭ 0.06, 2 ). In the hypertensive group, eight of 12 women (67%) with severe preeclampsia were delivered of their infants by CS for worsening disease, whereas CS were performed in three patients with milder disease for failed progression of labor (mild versus severe preeclampsia, p ϭ 0.36). Three women in the control group were delivered of their infants by CS: two for failed induction, and one for herpetic genital lesions.
The majority of preeclamptic women received magnesium sulfate therapy for their hypertension compared with only one patient in the control group given this treatment as tocolysis for premature labor. No differences were noted between antibiotic therapy between groups: three preeclamptic patients and seven control patients received prophylactic antibiotic therapy for a positive group B streptococcal screen or for unknown status (p ϭ 0.14, 2 ). Six women with severe preeclampsia and preterm gestations, but none with mild disease, received at least one dose of betamethasone or dexamethasone before delivery, whereas only one woman in the control group with preterm labor received this treatment.
Severe preeclampsia was associated with a lower mean gestational age (34 Ϯ 3 wk; p Ͻ 0.01, ANOVA) versus controls (38 Ϯ 2 wk) or milder disease (38 Ϯ 1 wk). Overall the mean birth weights of delivered infants were not significantly lower in preeclamptic compared with control gestations. However, birth weights of neonates after severe preeclampsia were lower (2050 Ϯ 812 g, p Ͻ 0.01, ANOVA) versus controls (3221 Ϯ 492 g) or mild preeclampsia (3262 Ϯ 635 g), and three of these neonates were small-for-gestational age. Neonatal neutrophil counts were not obtained prospectively in this study; however, neutrophil counts in the first 24 h of life in those tested were lower in the severe preeclampsia group (n ϭ 11; 3490 Ϯ 2993/L) versus controls (n ϭ 6; 7534 Ϯ 2642/ L; p Ͻ 0.02, ANOVA); only one neonate, born at 27 wk gestation to a mother with severe preeclampsia, met criteria for neutropenia (640/L) (31) .
sFas and sFasL levels in maternal and CB sera. Median concentrations of sFas in sera were similar between groups for both maternal samples (controls, 986 pg/mL; range, 550 -1556 pg/mL; versus preeclampsia, 1152 pg/mL; 752-1980 pg/mL; p ϭ 0.16 by Mann-Whitney) and CB samples (controls, 442 pg/mL; 300 -1344 pg/mL; versus preeclampsia, 520 pg/mL; 365-1530 pg/mL; p ϭ 0.10). For each group, maternal sFas values were higher than those in paired CB samples (p Ͻ 0.05). In contrast, sFasL serum concentrations were higher in preeclamptic gestations than in controls, and were generally concordant between paired maternal and CB samples (Fig. 1) . A higher proportion of women from the control group (12 of 18) had serum FasL levels below the assay's limit of detection compared with four of 20 in the preeclampsia group (p Ͻ 0.02, 2 ). In contrast, nine of 18 samples of CB sera from the control group had undetectably low FasL levels whereas all CB samples from preeclamptic gestations were measurable (p Ͻ 0.01). Median serum concentrations of sFasL in maternal and CB sera did not differ between those having mild preeclampsia (n ϭ 8) and more severe disease (n ϭ 12), respectively, maternal sera, 156 pg/mL; range, 78 -296pg/mL; versus 160 pg/mL; range, 80 -1324 pg/mL; p ϭ 0.82; CB sera, 144 pg/mL; range, 78 -387 pg/mL; versus 194 pg/mL; range, 78 -424 pg/mL; p ϭ 0.75. Regression analyses suggested that sFasL levels were independent of gestational age in both control (r ϭ Ϫ0. 46 ) and in preeclamptic (r ϭ Ϫ0.34) subjects (p Ͼ 0.05). 
FAS AND FASL IN PREECLAMPSIA
Steroid treatment was not associated with a difference in sFasL levels in gestations affected by severe preeclampsia: maternal sFasL, no steroids, 422 Ϯ 601 pg/mL versus with steroids, 274 Ϯ 249 pg/mL, p ϭ 0.59; CB sFasL, no steroids, 157 Ϯ 129 pg/mL versus with steroids, 257 Ϯ 153 pg/mL, p ϭ 0.33. The presence or absence of labor, respectively, did not appear to affect sFasL levels in gestations affected by severe preeclampsia: maternal sFasL, 289 Ϯ 311 pg/mL versus 363 Ϯ 478 pg/mL, p ϭ 0.91; CB sFasL, 205 Ϯ 150 pg/mL versus 221 versus 140 pg/mL, p ϭ 0.86.
Surface expression of Fas and FasL in maternal and CB leukocytes. Surface expression of the Fas receptor and FasL was determined on gated neutrophil and lymphocyte populations in maternal and CB samples from eight control and 11 preeclamptic gestations. Maternal neutrophils and lymphocytes from affected gestations had less surface Fas expression compared with controls ( Fig. 2A) . In a similar manner, surface expression of FasL was lower on both maternal and CB neutrophils from preeclamptic gestations than from controls, although surface FasL expression on maternal or CB lymphocytes was not different between groups (Fig. 2B) .
DISCUSSION
We observed elevated sFasL concentrations in the maternal and CB sera of gestations complicated by preeclampsia, although the source(s) of this protein remains unclear. The fetal trophoblast is one likely candidate, suggested by our recent observation that trophoblasts in PIH have enhanced FasL expression (24) . FasL is an integral membrane protein that can be cleaved into its soluble form by the MMP matrilysin (32), which is overexpressed by trophoblasts in preeclamptic placentas (33) . Continuous exposure of the fetal trophoblast to maternal blood would allow FasL, cleaved from the trophoblast into soluble form, access to both the maternal and fetal circulations, and is consistent with the similar maternal and CB concentrations of sFasL that we showed in the present study. A second source of the elevated levels of sFasL might be membrane-associated FasL released from the surfaces of activated neutrophils (34) . This possibility is supported both by the lower neutrophil surface expression of FasL in preeclamptic gestations, and by the observation that preeclampsia is associated with neutrophil activation (20, 23) . A third possible explanation is that increased levels of inflammatory cytokines in preeclampsia, such as TNF-␣ (35), might down-regulate FasL expressed on endothelial cells (1), also activated in preeclampsia (36) . However, whether this down-regulation is caused by cleavage of the membrane-bound form of FasL is not clear (1) . Alternatively, elevated levels of TNF-␣ could potentially affect sFasL levels indirectly by inducing MMP production (37) and subsequent cleavage of membrane-bound FasL (32) .
Several therapeutic or physiologic factors might have potentially influenced the expression of Fas-related proteins in our study subjects. For example, magnesium sulfate therapy was disproportionately represented in the preeclampsia group, although such therapy has not been reported to have a direct effect on leukocytes or the Fas-FasL pathway. However, it may have general antiinflammatory effects, including decreased expression of MMP (38) . A number of preeclamptic subjects with preterm gestations also received antenatal steroids, which can induce expression of Fas-related proteins (39, 40) . However, we found no differences in serum sFasL concentrations between treated and untreated women with severe preeclampsia, making it less likely that exogenous steroids influenced our results. Although physiologic factors, such as prolonged labor or duration of ruptured membranes, are associated with cytokine release (41) , which could potentially affect Fas expression, we found no overall differences between groups with respect to these measurements. Indeed, many of the women with severe preeclampsia were delivered of their infants in the absence of labor, with intact membranes. Gestational age differences might also have contributed to variances in sFasL levels between groups. This question is difficult to resolve, however, because premature delivery is an abnormal event, and sampling of normal human fetuses to determine age-specific values is not feasible. Additionally, it is possible that our assay may have underestimated the amount of bioactive FasL in the sera by not detecting the intact form of FasL, which can be found in soluble form in association with microvesicles (42) .
The clinical relevance of elevated sFasL levels in the maternal and CB circulation during preeclampsia is suggested by studies of other disorders. sFasL and a membrane-bound form associated with microvesicles are bioactive (25, 42, 43) and can mediate a variety of pathologic conditions including cytopenias, hepatic inflammation, autoimmune disorders, and rejection syndromes (1, (3) (4) (5) (6) 44) . In addition, although sFasL can inhibit the cytoxicity of membrane-bound FasL (45), it is itself chemotactic for neutrophils (46) and could promote the neutrophilic infiltration observed in preeclamptic placentas (20, 23) . Because tissue expression of FasL is also associated with neutrophil-mediated injury and apoptosis (47, 48) , it is conceivable that a high expression of FasL on trophoblasts (24) in the presence of elevated levels of sFasL might potentially exacerbate a similar process in preeclampsia.
Cytotoxicity associated with sFasL might also contribute to the cytopenias observed both in preeclamptic women and in their neonates. Patients with lymphocytic leukemia were shown to have elevated serum levels of sFasL that correlated with the presence of neutropenia (6) . This observation may have relevance to the frequent neutropenia in premature neonates delivered to hypertensive women (16, 17) , as we previously observed that CB sera from these gestations inhibit neutrophil production in vitro (49) and sFasL can inhibit hematopoiesis (50) . Although neutrophil counts, when tested, were generally lower in neonates born to preeclamptic women, we did not attempt a correlation with sFasL levels as these counts were not prospectively determined.
Hsu et al. (51) recently reported elevated sFas levels in the sera of women with severe preeclampsia or the HELLP syndrome. In the present study, we observed a tendency for sFas levels to be higher in maternal and CB sera from preeclamptic gestations, although these differences did not reach statistical significance. It is possible that variations in the results of these two studies reflect differences in the severity of maternal disease or gestational age, as only a portion of women in our study had severe preeclampsia, and few gestations were extremely premature. In addition, although not reported, it is possible that interactions of sFas with sFasL, or its microvesicle-associated form (28), might have interfered with detection by our assay system. We hypothesized that Fas expression would be elevated in leukocytes from preeclamptic gestations, on the basis of reports of increased lymphocyte Fas expression in disorders associated with abnormalities of the Fas-FasL pathway (52) . Thus, decreased Fas expression in maternal leukocytes from affected gestations was an unexpected finding. Enhanced Fas expression on lymphocytes has been observed in response to stimulation with cytokines (53) . Thus, we anticipated that leukocyte activation after exposure to the elevated levels of TNF-␣ associated with preeclampsia (35) would have increased, not decreased, Fas expression. Although decreased Fas expression might have been related to increased release of the soluble protein, our observation of similar sFas levels in affected and normal control gestations does not support this possibility. An alternative explanation for low Fas expression might be that lymphocytes from women predisposed to develop preeclampsia have intrinsically low Fas expression, which if associated with a resistance to apoptosis might allow their evasion of normal immune mechanisms. A defect in the expected clonal deletion of maternal antigen-presenting cells (8, 9) could potentially be an inciting factor for the development of pregnancy-related hypertension by allowing the unwanted trafficking of maternal cells (7) . This possibility is supported by observations in Fas-deficient lpr mice, in which a parallel mechanism contributes to their development of autoimmune phenomena (54) and graft-versus-host disease (55).
The mechanism underlying the lower surface FasL expression on maternal and CB neutrophils in preeclamptic gestations is also not clear. One explanation may be that low surface expression resulted from cleavage of membrane-bound FasL from activated neutrophils (34) , as suggested by high serum levels in those subjects. It is unlikely that elevated TNF-␣ levels (35) might have accounted for this observation, since TNF-␣ does not appear to affect neutrophil expression of either Fas or FasL (56). However, it is possible that cleavage of membrane-bound FasL by MMP (32) might have resulted in lower FasL expression on leukocytes and secondarily elevated sFasL levels in sera. In addition, although we attempted to process all samples in a timely manner, delayed processing can activate neutrophils and result in increased surface expression of FasL and release of sFasL (27) . However, such activation might have also been expected to increase Fas expression on the same neutrophils (27) , in contrast to the lower surface levels we observed, making this explanation less likely. Conversely, the observation that defective FasL function in gld mice is associated with reproductive abnormalities, including small litter size and placental inflammation (7), induces speculation regarding the relationship between an intrinsic defect of FasL expression or function and the pathogenesis of pregnancy-related hypertension. Human placentas of preeclamptic gestations also exhibit neutrophilic infiltrates (7), a reflection of the abnormal inflammatory response observed in this disorder (20, 23) . Although the underlying mechanism remains to be defined, such inflammation might be associated with deficient FasL function, because antigen-presenting cells of gld mice promote chronic inflammatory disease, a result of defective elimination of activated T cells (57) .
FAS AND FASL IN PREECLAMPSIA
The results of the present studies complement our previous findings of enhanced expression of Fas-associated proteins in PIH (24) , and suggest a contribution of the Fas-FasL pathway to the pathogenesis of this group of disorders, or to the associated maternal and neonatal complications. However, whether the underlying mechanism(s) involves impaired maternal-fetal immunity, reflects exacerbated inflammation, or is associated with an alternative process is not clear. Investigations that further define the regulation of Fas-FasL interactions, as well as longitudinal clinical studies, will be important to understanding a role of the Fas-FasL pathway in both normal and pathologic gestations.
